Only 75% of severe tricuspid regurgitation is classified as functional, or related primarily to pulmonary hypertension, right ventricular dysfunction, or a combination of both. Non-functional tricuspid regurgitation occurs when there is damage to the tricuspid leaflets, chordae, papillary muscles, or annulus, independent of right ventricular dysfunction or pulmonary hypertension. The entities that cause non-functional tricuspid regurgitation include rheumatic and myxomatous disease, acquired and genetic connective tissue disorders, endocarditis, sarcoid, pacing, RV biopsy, blunt trauma, radiation, carcinoid, ergot alkaloids, dopamine agonists, fenfluramine, cardiac tumors, atrial fibrillation, and congenital malformations. Over time, severe tricuspid regurgitation that is initially non-functional, can blend into functional tricuspid regurgitation, related to progressive right ventricular dysfunction. Symptoms and signs, including a falling right ventricular ejection fraction, cardiac cirrhosis, ascites, esophageal varices, and anasarca, may occur insidiously and late, but are associated with substantial morbidity and mortality. Attempted valve repair or replacement at late stages carries a high mortality. Crucial to following patients with severe non-functional tricuspid regurgitation is attention to echo quantification of the tricuspid regurgitation and right ventricular function, patient symptoms, and the physical examination. Keynote Lecture Series
More than 75% of severe tricuspid regurgitation is classified as functional or related to pulmonary hypertension or right ventricular dysfunction or dilatation, rather than independent abnormalities of the tricuspid valve components: leaflets, annulus, chordal attachments, and papillary muscles. An understanding of non-functional tricuspid regurgitation mandates an appreciation of functional tricuspid regurgitation because the former may ultimately be worsened by some of the same forces that propel the latter (1, 2) .
The anatomy of the tricuspid valve lends itself to functional impairment. Unlike the dense, separate, fibrous structure, with two fibrous trigones, that surrounds the mitral valve, the tricuspid annulus, with only a right fibrous trigone, blends into the right atrial fibro fatty structures and is more susceptible to dilate or not reduce appropriately in size during systole, with either right atrial or right ventricular dilatation. Only two papillary muscles, albeit with an additional posterior commissural chord, supply three leaflets. The chordal attachments to the anterior leaflet arise largely from the anterolateral papillary muscle, not both papillary muscles, and there is a reliance on attachments to the moderator band and free wall. The smallest leaflet, the septal leaflet, is relatively fixed. Right ventricular expansion can readily tether or restrict the anterior leaflet. The posterior leaflet can become restricted via an interesting mechanism: the posteroseptal portion of the valve is more apically displaced than the anterior portion, and right ventricular dilatation, which allows pulling on the anterior portion of the valve in an apical direction, makes the valve more planar, thus positioning the posterior leaflets in a tethered position (3) (4) (5) (6) .
This review will discuss the multiple etiologies of tricuspid regurgitation that are not initially related to either pulmonary hypertension or right ventricular dilation (Table 1) . After a description of the entities, there will be a discussion of the progression and prognosis of severe nonfunctional tricuspid regurgitation and how symptoms, examination, tricuspid regurgitation grading, and associated structural changes reflect the blending of isolated tricuspid regurgitation into functional tricuspid regurgitation under chronic conditions. Last, there will be a discussion of recommended treatment strategies.
Entities with substantial leaflet pathology

Rheumatic disease
The tricuspid valve ranks third behind the mitral and aortic valves in terms of likelihood of developing severe rheumatic disease pathology. The leaflets become thickened, fibrotic, and retracted; there is commissural fusion; and the rheumatic inflammation can also involve the chordae, contributing further to restriction of the leaflets. There is resultant tricuspid stenosis and regurgitation with regurgitation predominant (10) .
Rheumatic disease dominates early series and plays an important role even in more recent series that discuss the pathology found at the time of isolated tricuspid valve surgery (2, 11, 12) , but nearly all of the patients characterized had previously undergone mitral valve surgery. Isolated tricuspid surgery in rheumatic patients is purported to carry a high risk (12) , but the risk is related to a combination of factors including age, reoperation, right ventricular impairment, and unresolved pulmonary hypertension.
Myxomatous or degenerative disease
Myxomatous disease or degenerative disease, with either a Barlow's or fibroelastic insufficiency appearance and that encompasses connective tissue diseases like Marfans or Ehlers-Danlos, plays a prominent role in some series of severe, isolated tricuspid surgery (13) . The myxomatous process not only involves leaflets, but chordae, and the annulus. Myxomatous related annular dilatation contributes not only to the degree of tricuspid regurgitation, but to progressive worsening of tricuspid regurgitation. As with rheumatic disease, the vast majority of isolated myxomatous tricuspid valve surgery occurs in patients who previously underwent left-sided surgery. The prognosis is related to right ventricular function as well as residual pulmonary hypertension. Rheumatic and myxomatous left-sided surgery without requiring immediate attention to the tricuspid valve may be associated with the development of 3+ or greater tricuspid regurgitation in 16% of patients over an 8-year period, and the distinction between nonfunctional and functional contributions to tricuspid valve regurgitation severity may blur (14) . 
Endocarditis
Bacterial endocarditis can destroy or perforate leaflets and rupture chordae, often atop already abnormal valves that are floppy or rheumatic. Large vegetations can be associated with relative stenosis (7), although regurgitation generally predominates. Prognosis depends upon degree of perivalvular damage, abscess formation, valve destruction, right ventricular failure, emboli, organism, removal of a device or catheter if present, and in the case of drug abusers, change in behavior. Rarely, the tricuspid valve, and not just the aortic valve, can be made severely regurgitant by a typically culturenegative organism, Tropheryma whipplei, which can form a leaflet plaque and thus restriction of leaflets. This restriction is associated with either stenosis or regurgitation that may resolve with appropriate antibiotic treatment (7, 15) .
Sarcoid
Sarcoid is a rare cause of isolated tricuspid regurgitation. Granulomas has been found in the annular region and papillary muscles, as well as on excised valves (12) . Hallmarks of cardiac sarcoid include conduction system disease and arrhythmias, as well as widespread left ventricular and more focal right ventricular scaring. Prognosis depends on control of the disease. While the inflammatory process can be arrested and conduction disease can sometimes improve with treatment, valvular destruction is less likely to improve, just as left ventricular damage does not resolve (16, 17) .
Lupus
Approximately half of patients who have systemic lupus erythematosus have cardiac involvement with immunopathologic changes that can involve myocardium, pericardium, coronary arteries, and valves. Of the patients who have cardiac involvement, valves are involved in as many as 40%, with the tricuspid valve much less likely to be involved than the left-sided valves (18, 19) . The valvular pathology in lupus includes immune deposition, mononuclear infiltration, fibrous plaque, calcinosis and particularly with the IgG antiphospholipid antibody syndrome, thrombi or Libman-Sacks verrucous endocarditis. The bulky thrombi can cause stenoses, but rarely severe valve destruction. The fibrotic reaction can thicken the valve as well as chordae and cause leaflet fusion and fibrosis with important tricuspid regurgitation or even tricuspid stenosis. The prognosis depends upon control of the underlying disease, which can sometimes mitigate the valvular disease, in addition to the presence of left-sided disease and pulmonary hypertension. Surgical intervention is sometimes required. Antiphospholipid antibody syndrome, even in the absence of SLE, can cause what is likely non-damaging verrucous tricuspid regurgitation (20) .
Implanted endocardial electrical devices
Permanent pacing and ICD leads are associated approximately one quarter of the time with an increase in tricuspid regurgitation by one grade (21) and more rarely, with tricuspid stenosis (22) . The pathology includes fibrosis and fusion of the wire to leaflets and the sub valvular structures, as well as perforation and even dynamic looping of a leaflet that has been reported to cause resting stenosis that can improve with inspiration and exercise (23) . The presence of a permanent pacing wire at the time of tricuspid valve repair more than doubles the risk for moderate and severe tricuspid regurgitation by five years post-operatively (24) . The worsening tricuspid regurgitation can also have a functional component related to hemodynamic and structural alterations from right ventricular pacing.
Carcinoid
Carcinoid tumors that produce the carcinoid syndrome with flushing, diarrhea, and sometimes wheezing, more than half of the time, with a long latency period (49±70 months) can cause thickened, retracted, short, hypomobile, rigid tricuspid leaflets and similar pulmonic valve pathology. The tricuspid valve can be regurgitant, stenotic, or mixed (25) . The valve damage is related to circulating levels of 5HIAA, which acts on the 5 hydroxytryptamine receptor subtype 5-HT2B, a mediator of mitogenesis and fibroblast proliferation (26) . High levels of 5HIAA are more likely to be present when there are hepatic metastases. The carcinoid lesions are not known to regress, even with control of the disease, but prognosis is still related to the ability to treat the underlying disease and timely tricuspid valve surgery. Careful attention to the pulmonic valve at the time of tricuspid surgery is associated with an improvement in functional class, right ventricular size, and prognosis (27) .
Ergot alkaloids and fenfluramine
The ergot alkaloid methysergide, used in the past for migraine, and diet pills containing fenfluramine, as well as the ergot derived dopamine receptor agonists, cabergoline utilized to treat pituitary tumors and pergolide, utilized for Parkinson's disease, have been associated with carcinoid like or 5-HT2B activated valvular pathology. The effect of these agents on the tricuspid valve is generally related to dose and duration of continuous exposure. With methysergide, thickening can involve chordae and the papillary muscle and may be severe (28) . With fenfluramine, the incidence of tricuspid valve involvement is less than left-sided involvement, and the incidence of any type of valvular involvement, although reported in up to 30-60% of patients, is in the range of 2-12% in studies done with a control group. Even seemingly severe regurgitant disease, usually associated with an exposure to fenfluramine for approximately one year, frequently regresses when the offending agent is stopped (29) (30) (31) . The relative risk for development of severe tricuspid regurgitation for the ergot dopamine receptor agonists is between 5 and 18, depending on the control populations, and is less than the risk for left sided valves (26, 32) .
Radiation
In a series of 415 Hodgkin Lymphoma mantle irradiation survivors, 6.2% developed moderate to severe valvular disease, many requiring surgery, with a mean time from radiation of 22 years in an observed:expected ratio (O:E) of 8.42 (less frequent, longer latency, and lower O:E than for coronary artery disease-10.4%, 9 years, 1.63, respectively). While many patients with aortic and mitral valve disease required surgery, the three patients with significant tricuspid regurgitation did not undergo surgery (33) . The etiology of the tricuspid regurgitation could have been partly functional, related to radiation-induced alterations in right ventricular function; left ventricular systolic or diastolic function; or pulmonary hypertension. The mean radiation dose was 37 Gy. In breast cancer survivors, the O:E for valvular disease was elevated, 3.17 (1.9-5.29, P<0.001), but only in patients who received either side internal mammary chain radiation. The incidence of tricuspid valve disease, which could have a functional contribution, is not reported (34, 35) .
Blunt trauma
Blunt trauma, usually from a motor vehicle accident, and sometimes from an airbag injury, can cause acute compression, and thus a rapid elevation, in right ventricular pressure as well as a deceleration injury. Autopsy findings from victims of blunt cardiac injury suggest that while the right ventricle may be injured 40% of the time, tricuspid valve injury is much rarer and is seen in only 3% of cases (36) . There can be anterior leaflet tears that might be associated with a period of stability, anterior papillary muscle damage with immediate or delayed heart-failure symptoms, or chordal rupture that can be associated with a long period of stability (37) . Suspicion, close follow up and early surgery in the setting of acute right ventricular failure, can lead to good outcomes.
Congenital defects
Multiple congenital defects, listed in Table 1 , can cause non-functional tricuspid regurgitation. Ebstein's anomaly accounted for 39 of 70 congenital patients undergoing isolated tricuspid valve surgery (11) . Other congenital lesions, including tricuspid valve hypoplasia and dysplasia, cleft, and double orifice, often with multiple accompanying congenital defects (8) are outside the scope of this review.
Entities with substantial annular pathology, not attributable to right ventricular alteration or pulmonary hypertension
In addition to sarcoid and myxomatous disease, including connective tissue diseases like Ehlers-Danlos and Marfan's, both already discussed, atrial fibrillation can also cause annular dilatation and tricuspid regurgitation.
Atrial fibrillation
During atrial systole, the tricuspid annular dimension is known to decrease by nearly 20%, so atrial fibrillation alone can set into motion a cycle of regurgitation, atrial and annular dilatation, and worsened regurgitation. In two series of severe tricuspid regurgitation, over 85% of "idiopathic" annular dilatation patients had atrial fibrillation (1, 38) .
Entities that affect chordae and papillary muscles
The (39) . Both sides of the heart can be involved. The right ventricular endocardium, papillary muscles, chordae and tricuspid leaflets can be encased in fibrosis, with extensive thrombus attachment and consequent valve restriction with either significant regurgitation or stenosis (40) . Treatment of the underlying disease that causes the eosinophilia can lead to important improvement in valve function if treatment is initiated before permanent damage from the toxic products of eosinophil degranulation.
Endomyocardial biopsy
In 364 heart transplant patients undergoing multiple endomyocardial biopsies over a span of 10 years, 54 developed flail tricuspid leaflets related to severing of chordal attachments. Over a two year period, right ventricular sphericity, end diastolic area and annular size increased, demonstrating the continuum from non-functional to a mixture of non-functional and functional tricuspid regurgitation (41).
Intra annular or periannular obstruction or impingement
Renal and ovarian tumors can grow into the tricuspid orifice creating stenosis or regurgitation. Atrial myxomas or other cardiac tumors, or even a large sinus of valsalva aneurysm, could impinge upon the valve and cause severe annular distortion and tricuspid regurgitation (7). Treatment is directed at the tumor or aneurysm and generally includes excision.
Prognosis
Medical management of moderate to severe tricuspid regurgitation, after adjustment for right ventricular size, left ventricular ejection fraction, and pulmonary pressure is associated with a 4-5-year 30-50% increased mortality compared to patients with no tricuspid regurgitation (42) (43) (44) .
Several lines of evidence suggest that severe tricuspid regurgitation, even in the absence of pulmonary hypertension or initial RV dysfunction, leads to RV dilatation, insidious loss of RV reserve despite an apparent preserved RV ejection fraction, the potential for unforeseen unmasking of significant RV dysfunction at the time of tricuspid valve surgery, and poor survival. The creation of severe tricuspid regurgitation at the time of right ventricular biopsy is associated with a >20% increase in right ventricular transverse diameter over a two year period, even in the absence of pulmonary hypertension (41) , though the right ventricular ejection fraction remains excellent. A quantitative preoperative RV assessment in patients with severe tricuspid regurgitation showed that even when there appeared to be a normal right ventricular ejection fraction, careful calculation of percent area change of the right ventricle was already abnormal; 26.6%±6.74%, with normal being above 40% (13) . When patients who had a normal appearing right ventricle, but a tricuspid annular dimension >40 mm (normal <34 mm), underwent mitral valve surgery and tricuspid valve repair, despite some degree of presumed RV unloading, with a fall in right ventricular systolic pressure from a mean of 38 mmHg to a mean of 29 mmHg, only 30% of the patients had a normal right ventricular ejection fraction postoperatively. Right ventricular function required 3.5-5 years to recover (45) . In patients with generally preserved RV ejection fraction and only a load independent sign of right ventricular loss of reserve, a right ventricular end systolic area greater than 20 cm 2 , or another relatively subtle sign of RV impairment, hypersplenism, with a hemoglobin less than 11.3 g/dL, isolated tricuspid valve surgery was associated with a two-year survival in the 44-57% range (2) .
As would be expected, if there is overt right heart failure, the post-operative results can be poor. In patients who underwent isolated tricuspid valve surgery for severe tricuspid regurgitation, among whom the incidence of heart failure was >70%, with a mean right atrial pressure of 17 mmHg, mean pulmonary artery pressure 27 mmHg, the operative mortality was 20% and after 3 years, the survival rate was only 40% (12) .
The prognosis for patients with severe, non-functional tricuspid regurgitation hinges on early detection and close follow up, which involves quantitative grading of tricuspid regurgitation and RV function, and intervention while right ventricular function (percent area change 35% or greater, and end systolic area less than 20 cm 2 ) is good.
Two year survival rates above 90% have been shown in patients who showed no sign of RV impairment, excellent right ventricular end systolic area, <20 cm 2 and no signs of hypersplenism (hemoglobin above 11.3 g/dL) (2). Once there is right ventricular failure or even a subtle loss of reserve, even after intervention, right ventricular function might plummet, with a slow recovery, or might not even recover enough to afford reasonable longevity.
Symptoms
The symptoms ( Table 2 ) associated with severe tricuspid regurgitation, shortness of breath and fatigue, related to poor forward output, might initially be present when only right ventricular exercise reserve is impaired. However, more often, the symptoms become evident much later when there is much worse right ventricular function, replete with right ventricular failure, and thus resting fatigue as well as early satiety, and lower extremity swelling. The symptoms could be confounded by the diseases causing the non-functional tricuspid regurgitation, such as SLE, carcinoid, or sarcoid. Similarly, the exam ( Table 2) may be overt and revealing only when the presentation is late, with nearly manifest or fully manifest right ventricular failure, with cardiac cirrhosis, ascites, anasarca, and esophageal varices There can be a full volume, high "cV" wave, diminished carotid volume, right ventricular lift, lower left sternal border systolic murmur, right ventricular S3 with inspiration, pulsatile or displaced downward liver, and lower extremity swelling. Even with severe tricuspid regurgitation, the systolic murmur may be heard only twothirds of the time, with change in inspiration only 15% of the time (43) . Echocardiography with quantification of tricuspid regurgitation is paramount to following tricuspid regurgitation closely ( 
Interventions
Not every type of non-functional tricuspid regurgitation requires operative intervention. Treatment of SLE and antiphospholipid antibody syndrome may reduce the "coating" over the valves and chordae and reduce stenosis and regurgitation. Cessation of fenfluramine o r m e t h y s e r g i d e h a s b e e n a s s o c i a t e d w i t h v a l v e normalization (28, 29, 31) . Severe tricuspid regurgitation from a Whipple's plaque that seemed to coat the tricuspid valve leaflets without destroying them, reportedly resolved with antibiotics (15) . There are reports of heart failure symptom improvement with attention to carcinoid, but the valvular pathology and severity of the underlying pathologic change in fact may actually worsen despite treatment of the disease (47) . Endomyocardial fibroelastosis, prior to severe eosinophilic damage, may be associated with reversible severe tricuspid regurgitation. The other entities in Table 1 are not likely to be associated with reversal of severe tricuspid regurgitation. The standard dictum, to await symptoms, try diuretics and then try surgery, may be too conservative, and may worsen right ventricular function, increase operative mortality risk, and worsen long-term prognosis. Reasonable proposals for intervention generally and in the setting of tricuspid endocarditis are listed in Table 5 (9, 48) .
Valve repairs with a rigid ring may be preferable to valve replacement. If replacement is needed, common thinking favors bioprosthesis, without definite evidence for superiority, based on an analysis of 13 series (49) and with a high percentage of patients with a bioprosthesis remaining on long-term anticoagulation. There are reports of percutaneous solutions, outside the scope of this review, but some involve creative use of a large stent and then a percutaneous valve (in absence of a previously placed prosthetic ring) (50) and a novel bicuspid technique (51) .
Conclusions
Multiple entities affect the tricuspid leaflets, annulus, chordae and papillary muscles and can cause severe tricuspid regurgitation or stenosis in the initial absence of either pulmonary hypertension or right ventricular dysfunction. Over time, these entities can cause progressive right atrial, right ventricular, and annular dilatation, sometimes with atrial fibrillation. They may also be associated with signs of poor forward output and right ventricular heart failure, with structural manifestations similar to what is seen in the much more common entity of functional tricuspid regurgitation. Since pulmonary hypertension reduction and consequent right ventricular unloading do not generally occur after intervention on isolated, non-functional tricuspid regurgitation, nonfunctional tricuspid regurgitation has a poor surgical outcome when the surgery is done when right ventricular function is already impaired. Careful attention to quantitative echo grading and the slightest symptoms, examination, right ventricular structural alterations, and timely surgery, is mandatory for the treatment of patients with most types of non-functional tricuspid regurgitation.
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